A density functional theory model is used to investigate the structural, thermodynamic, and electronic properties of chlorine atoms adsorbed on the Al(111) surface within a supercell approach for chlorine coverages of 1/4, 1/3, 1/2, 3/4, and 1 ML. The largest bond length is observed for an atop, hcp, and fcc mixed structure at 3/4 ML coverage. Analysis of the adsorption free energy reveals that the chlorine coverage of 3/4 ML is the most thermodynamically stable over the widest range of chlorine chemical potential and that the coverage of 1 ML is thermodynamically unstable. The electronic charge density distributions, the change in the work function induced by adsorption, and the corresponding electrostatic dipole moment are also calculated. Atop-site adsorption is shown to induce charge transfer and the formation of a dipole structure for low coverage, and the charge transfer decreases with increasing coverage. Surface bonding is investigated using the projected density of states, and aluminum and chlorine 3p-orbitals are shown to be important in Al-Cl bond formation.
Introduction
Aluminum and its alloys are increasingly being used in electric, fuel-cell-powered, and hybrid vehicles to achieve vehicle weight reduction. The replacement of traditional steel and cast iron with lighter aluminum in the automotive industry is one of the most important factors contributing to the reduction of environmental pollution and the improvement of fuel economy. Aluminum generally exhibits good corrosion resistance through the formation of a passive oxide lm. However, the surface is prone to localized corrosion in corrosive environments such as those found in vehicles. Pitting or crevice corrosion is caused by the presence of aggressive anions, such as Br , and NO 3− , in the electrolyte on the metal surface [1] [2] [3] [4] [5] [6] . Chloride ions play a crucial role in the atmospheric corrosion of metals because they are found in seawater, tap water, and airborne salts. Cl − in the electrolyte can penetrate the natural oxide lm, and the localized breakdown of the oxide lm induces the direct reaction of Cl − with the bare aluminum surface [7] [8] [9] . Fissures in the passive lm are repaired immediately; however, repassivation is hindered by the presence of a suf cient amount of Cl − , which subsequently leads to pit nucleation 9) . The necessary Cl − condition to maintain pit activity on an aluminum surface is known to be 3 mol/dm 3, 4) . Hence, obtaining insight into the atomic-scale features that control the chemistry at the electrolyte/aluminum interface is important to understand pit propagation.
Density functional theory (DFT) 10 ) is a powerful theoretical tool for elucidating the chemical nature of materials on the atomic scale. Many DFT investigations have been published on the surface structure of halogen adsorption onto a metal surface, especially for noble metals [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] . Optimization of the adsorption structures of Cl − , Br − , and I − as well as their harmonic vibration frequencies on the (100) surface of Cu, Ag, and Au have been studied by Ignaczak and Gomes 17) . In addition, the energetics, electronic structure, and vibrational frequency of F, Cl, Br, and I adsorption onto the (111) surface of Cu, Rh, Pd, Ag, Pt, and Au have been investigated by Migani and Illas 19) . The chlorine adsorption and desorption mechanisms and the electronic structure of chlorine on Cu(111) have been investigated in detail by Peljhan and Kokalj 24) and by Pavlova et al. 21) Few studies have focused on chlorine adsorption onto an aluminum surface. Mitsutake et al. showed that the dissociative adsorption of Cl 2 molecules on Al(100) proceeds spontaneously with its bonding being ionic 26) . The Cl 2 /Al(111) etching reaction sequence under ultrahigh vacuum was investigated by Grassman et al. 27) They revealed that atop-site adsorption preferentially occurs for chlorine atoms, which is different from the adsorption typically observed on a noble metal surface. Although it has been presumed that the calculation should account for the effect of the electric potential of the solution at the solution/metal interface because pitting or crevice corrosion is an electrochemical phenomenon, Koper observed identical trends for the binding energies of halides and halogen atoms adsorbing onto metal surfaces 18) . In the light of this result, Zhu and Wang examined the structures of − adsorbing onto 29 types of metal surfaces in an integrated manner 22) . In clarifying the pitting process of aluminum, Liu et al. noted that the repassivation process is hindered by the existence of Cl − because of the stronger interaction of Al-Cl than Al-O 28) .
Here, we present a DFT study using the projector augmented wave (PAW) periodic slab model on the behavior of chlorine chemisorption on clean Al(111), which mimics chlorine adsorption onto an aluminum surface at the bottom of pitting corrosion. Our calculations are performed using the framework previously discussed by Peljhan and Kokalj 24) .
Computational Details
First-principles DFT calculations based on the frozen-core PAW method of Blöchl 29) were performed using the Quantum-ESPRESSO package 30) . All the molecular graphics were produced using the XCrySDen 31) graphical package. Electron exchange and correlation were described by the Perdew Burke Ernzerhof (PBE) 32) form of the generalized gradient approximation (GGA). For the plane wave set, a kinetic energy cutoff of 47 Ry was used (400 Ry for the charge-density cutoff), and the Methfessel-Paxton 33) smearing size was xed at 0.02 Ry. The k-point meshes in the Brillouin zone integration were sampled by 12 × 12 × 1 for the (1 × 1) surface supercell and 9 × 9 × 1 for the
• and (2 × 2) surface supercells. The Al(111) surface was modeled by a supercell with a periodic slab consisting of ve-layers of aluminum separated by a vacuum layer of approximately 20 Å thickness, which reduced the interactions between repeating slabs. A ve layer slab was used in the calculations, in which the three topmost layers were allowed to relax while the bottom two layers were xed at their bulk positions. In our calculations, the surface energy σ for N atoms is given by
where E slab is the total energy of the slab and E bulk is the reference total energy per atom of the bulk crystal. The factor of 1/2 accounts for the two surfaces in the slab supercell. The bond length E b is de ned as the difference between the total energy of the adsorbate/substrate system E Cl/slab and the total energy of the isolated adsorbate E Cl or substrate E slab for their ground-state structures:
where n is the number of adsorbed chlorine atoms per supercell at each coverage Θ. The total energy of an isolated chlorine atom is obtained from a spin-polarized calculation using a larger supercell to account for the chlorine atom having one unpaired electron in its outermost electronic shell. The average chemisorption energy for the dissociative adsorption of chlorine is
where E Cl 2 is the total energy of an isolated Cl 2 molecule and its bond strength E 0 is given by E 0 = E Cl 2 − 2E Cl . The total chemisorption energy per unit area is
where A is the surface area spanned by the supercell. The charge transfer between the adsorbate and substrate is characterized by the differential charge density distribution. The differential charge density Δρ is de ned as
where ρ Cl/slab , ρ slab , and ρ Cl i are the charge densities for the Cl/Al(111) slab, clean Al(111) slab, and Cl i of the ith isolated adsorbate, respectively. The difference in the charge density induced by adsorption on the surface creates an electrostatic dipole moment.
The dipole moment is related to the change in the adsorbateinduced work function by the Helmholtz equation
where ΔΦ and μ are in units of hartree and e bohr, respectively, Θ is the adsorbate coverage in terms of ML, and A 0 is the area of the (1 × 1) surface unit cell. A positive value of μ represents an inward-pointing dipole from the negative adsorbate to the positive surface.
Results and Discussion

Basic properties: Al bulk and Al(111)
Before constructing the model of adsorption on the surface slab, the basic properties of the aluminum and the chlorine molecule were calculated. For the isolated Cl 2 molecule, the bond length and bond strength were determined to be 2.00 Å and 2.88 eV, respectively, without the zeropoint energy correction. These values are consistent with the values of 2.05 Å and 2.69 eV previously obtained by GGA calculations 24) and the experimental values of 1.99 Å and 2.48 eV, respectively 34) . For bulk aluminum, the lattice constant a 0 is 4.04 Å and the bulk modulus B 0 is 79.2 GPa, calculated using the Birch Murnaghan equation of state 35) . The corresponding experimental values at room temperature are a 0 = 4.02 Å 34) and B 0 = 81.3 GPa 36) . These values are suitable for constructing adsorption models. Surface relaxation is characterized as the change Δd ij in the spacing between layers i and j versus the equilibrium layer spacing a 0 / √ 3 for the (111) surface. The surface relaxation of layers Δd 12 and Δd 23 of the clean Al(111), the work function Φ, and the surface energy σ were calculated. A comparison of these results with experimental and previously calculated values from the literature is presented in Table 1 .
Energetic properties: Adsorption onto Al(111)
Structure optimizations with a Cl atom on Al(111) were performed for Θ of 1/4, 1/3, 1/2, 3/4, and 1 ML. For the calculation, Cl atoms were placed 3 Å above Al(111) and the loci of Cl atoms and the three uppermost Al layers were fully optimized ( Fig. 1(a) ). The Cl adsorption sites on the surface are shown in Fig. 1(b) . The calculated bond length E b , average chemisorption energy E chem , total chemisorption energy ε tot chem , and nearest-neighbor (nn) distance between the adsorbed chlorine and the aluminum atom d are listed Table 2 . In Fig. 1(c)-1(g) , energetically favorable con gurations of Cl atoms on the surface for each coverage Θ are depicted. The Cl atoms prefer to adsorb at the atop sites at lower coverage, which is consistent with the results obtained by Zhu and Wang 22) and Liu et al. 28) The atop-site adsorption is an unusual preference because halogens are known to preferentially adsorb at hollow sites on the metal surface with a few exceptions such as uorine adsorption onto Pt(111) 16, 37) . At higher coverage, the Cl atoms were stably adsorbed at a combination of atop and fcc sites for 1/2 ML and at a combination of atop, fcc, and hcp sites for 3/4 ML. For the highest coverage, 1 ML, adsorption at the fcc sites resulted in the most stable con guration. All the overlayer structures were centered hexagonal structures except for the case of 1/2 ML, which had a hexagonal void structure. It is reasonable to expect that negatively charged atoms avoid each other because of lateral repulsion due to electrostatic interaction. For the optimized Cl atom in the case of 1/4 ML, the largest displacement in the normal direction of the surface was observed for an Al atom bonded by the Cl atom at a distance d Al = 0.41 Å above the terrace plane. This value is in excellent agreement with the previous value calculated by Grassman et al. 38) The overlayer structure will be discussed in detail in section 3.3 in terms of the electronic properties.
E chem de ned in eq. (3) as a function of coverage is shown , 4.051 16) 4.02 49) B 0 (GPa) 79.2 70.5 48) 81.3 49) Al(111) +0.5 ± 0. (c)-(g) Optimized surface structure for chlorine for coverages of 1/4, 1/3, 1/2, 3/4, and 1 ML, respectively. All the surface structures have centered honeycomb structures except for that for 1/2 ML, which has a honeycomb void structure. Table 2 Calculated structures, bond length in eV, chemisorption energy in eV, and total chemisorption energy in eV/Å 2 for on-surface chlorine atom as a function of coverage Θ. d is the nearest-neighbor distance between the adsorbate and the surface aluminum in Å. d Al is the lift of the adsorbate above the terrace plane in Å. in Fig. 2 . The magnitude of the energy decreases with increasing Θ. All the calculated structures are exothermic (i.e., E b < 0). The highest coverage state, 1 ML, is obtained for the (1 × 1) unit cell and is con rmed by breaking the symmetry using the (2 × 2) unit cell calculation, giving the same structure and E chem . To discuss the stability for the highercoverage cases, the total chemisorption energy normalized by the surface unit area ε tot chem , de ned by eq. (4), is plotted in Fig. 3 as a function of Θ. In this plot, ε tot chem for 1/2 and 1 ML coverages have similar values (−0.063 and −0.064 eV/Å 2 , respectively), whereas the exothermicity of ε tot chem increases up to 3/4 ML coverage and decreases thereafter. Being near the bottom of the tting curve of the second-order polynomial (blue curve), the 3/4 ML con guration is the most thermodynamically stable. To determine the effect of the temperature and chlorine partial pressure on the chemisorption energy, the adsorption free energy is discussed in terms of ab initio atomistic thermodynamics 39, 40) . The surface free energy γ is de ned as
where G is the Gibbs free energy of the system, n Al is the number of aluminum atoms in the supercell, and μ Al and μ Cl are the chemical potentials of aluminum and chlorine atoms, respectively. The adsorption free energy γ ads is de ned as the difference between the surface free energy before and after adsorption, γ ads = γ Cl/Slab − γ Slab . Then, the difference, ΔG, before and after the adsorption of the Gibbs free energy can be approximated as the difference between the total energies before and after adsorption by
where G Cl/Slab and G Slab are the Gibbs energies of the adsorption system and Al(111), respectively. We set the zero reference state of μ Cl to be the total energy of chlorine in an isolated molecule, i.e., μ Cl = E Cl 2 /2 = 0. Hence, the adsorption free energy γ ads without substitutional adsorption is given by
where E chem is the chemisorption energy de ned in eq. (3). Figure 4 shows γ ads as a function of the chemical potential of the chlorine atom μ Cl . The thermodynamically most stable structure at a given μ Cl corresponds to the lowest-energy line γ ads . The horizontal dotted line at γ ads = 0 meV/Å 2 corresponds to a clean aluminum surface. The clean Al(111) is the most stable structure for μ Cl < −2.08 eV, which is where the blue line and horizontal dotted line intersect. Upon increasing the chemical potential of chlorine in the range of −2.08 eV < μ Cl < −1.94 eV, the 1/4 ML con guration (blue line) becomes more stable than the clean surface. Thereafter, for −1.93 eV < μ Cl < −1.49 eV, the 1/3 ML con guration (green line) is the most stable structure, and for −1.49 eV < μ Cl < −1.32 eV, the 1/2 ML con guration (orange line) is the most stable structure. Over a wide range of μ Cl > −1.32 eV, the 3/4 ML con guration (red line) is the most favorable structure. This characteristic does not appear when the 1 ML con guration (gray line) has the lowest value for the entire region; therefore, the chlorine coverage of 1 ML is thermodynamically unstable. 
Electronic properties: Adsorption onto Al(111) surface
To investigate the electronic stability of the adsorption layer, the Löwdin population 41) , the change in the work function ΔΦ, and the corresponding dipole moment μ were calculated. Halogen atoms are negatively charged when adsorbing on a transition metal surface because of the difference in electronegativity. The difference in electronegativity between Cl and Al is 1.55 on the Pauling scale, which is considerably larger than that between Cl and Cu (1.62) or between Cl and Au (0.62) 34) . The charge on the adsorbate was determined by Löwdin population analysis as implemented in the Quantum ESPRESSO package 30) . The calculated net charges q A of atoms as a function of Θ are listed in Table 3 and plotted in Fig. 6(a) . The net charge decreases linearly with increasing coverage except for the 1/2 ML case (red triangles). The charge in the 1/2 ML structure is smaller than that expected from the interpolation line (blue line). This nding is attributed to differences in the surface structure of atoms and the nearest-neighbor distance d nn . The Cl atoms have the maximum lateral distance d nn because of their repulsive interaction. However, all the overlayer structures except for that in the 1/2 ML case have a centered honeycomb structure (Fig. (c) , (d), (f), (g)) with the maximum lateral nearest-neighbor Cl-Cl distance. The 1/2 ML structure has a honeycomb void structure (Fig. (e) ). The difference in d nn causes a difference in the strength of the lateral repulsive interaction. In general, the maximum nearest-neighbor distance of atoms at the high-symmetry points on an fcc(111) surface is given by
where d Al is the bulk Al-Al nearest-neighbor distance (2.86 Å). Figure 5 shows the actual nearest-neighbor distance between atoms d nn and the maximum nearest-neighbor distance between atoms d max nn (red curve) as a function of coverage. d nn for 1/2 ML with a honeycomb void structure is smaller than the optimal distance d max nn given by eq. (10). Therefore, the Cl charge on the 1/2 ML structure ows back to the Al surface because of the stronger repulsive interaction, and the charge for the case of 1/2 ML in Fig. 6 (red triangle) is smaller than that expected from the interpolation line. To explain the dependence of the net Cl charge on the coverage with consideration of differences in the overlayer structure such that adsorbates are not located at high-symmetry points, Peljhan and Kokalj introduced the effective Cl-Cl nn distance as the geometric mean of the actual and ideal Cl-Cl nn distances at a given coverage 24) as
The Löwdin net charge of Cl as a function of d eff nn is presented in Fig. 6(b) . This plot consistently shows that the 1/2 and 3/4 ML cases have different charges in Fig. 6(a) despite having almost the same nn distance, as observed in Fig. 5 . In addition, the decreasing Löwdin net charge of Cl as a function of d eff nn indicates the weakening of the Al-Cl bond with the increase in the Al-Cl distance, as can be seen in Table 2 .
To further clarify the surface electronic structure, we calculated the change in the work function and the corresponding electrostatic dipole moment induced by the adsorption of chlorine atoms. The adsorption of electronegative adsorbates, such as halogens, onto metal surfaces has been observed to change in the work function 20, 22, [42] [43] [44] [45] [46] . Roman et al. proposed a mechanism that can explain the change in the work function and the formation of an electrostatic dipole moment when a halogen is adsorbed on a metal substrate 16) . They considered the adsorption of F, Cl, Br, and I into various metal surfaces. However, the discussion on Cl adsorption onto aluminum was for an fcc site and the coverage was xed at 1/9 ML. The adsorption-induced change in the work function and the surface electrostatic dipole moment are related by the Helmholtz equation presented in eq. (6) . The calculated change in the work function ΔΦ and the corresponding dipole moment μ as a function of coverage are listed in Table 3 and plotted in Fig. 7(a) and 7(b) , respectively. The obtained value for the 1/4 ML structure, 1.071 eV, is in good agreement with the value of 1.08 eV experimentally measured by Bermudez and Glass 47) . As observed in Fig. 7(a) , the largest ΔΦ is observed for the 1/3 ML con guration; thereafter, the value decreases with increasing coverage when Θ > 1/3. In Fig. 7(b) , the corresponding induced dipole moment μ is plotted as a function of the effective distance d eff nn de ned in eq. (11) . Figure 7 (b) explains the dependence of the magnitude of the dipole moment on the Cl-Cl lateral distance. According to the discussion of the mechanism of the change in the work function upon halogen adsorption by Roman et al., a different change in the work function is caused by the charge transfer associated with ionic interactions 16) . To visualize the analysis of between atoms at high-symmetry points on an fcc (111) surface as a function of coverage (red curve). The 1/2 ML overlayer structure (red triangle) has a non-optimal d nn because of its honeycomb void structure. this electron transfer, two-dimensional contour plots of the differential charge density Δρ, de ned in eq. (5), for each coverage are presented in Fig. 8 . Figure 8 (a) and 8(b) reveal that charge accumulates below the atom and is polarized in the Al-Cl bond direction, constituting a dipole structure. Figure 8 (c) demonstrates that the region with excess charge gradually moves up to the side of the atoms but is still polarized in the Al-Cl bond direction at 1/2 ML. Upon further increasing the coverage, the repulsion among the negatively charged Cl atoms becomes stronger. At 3/4 and 1 ML, the Al-Cl bond is weakened by the reduced charge transfer between the adsorbate and substrate, resulting in depolarization. The top-view plots imply that the well-separated charge distribution for the lower coverage is distorted, with the formation of lateral Cl-Cl bonds with the accumulation of charge between Cl neighbors with increasing coverage. At low coverages (1/4 and 1/3 ML), the chlorine atom is further away from the aluminum surface than for the other coverages. This structure has a larger electric dipole moment, which leads to a larger change in the work function. The projected density of states (PDOS) was calculated to analyze the structure of the bond between aluminum and chlorine atoms. Figure 9 presents the PDOS pro le for the optimized position of Cl and surface Al in the nearest-neighbor position for coverages from 1/4 to 1 ML, where zero energy is the Fermi level. In Fig. 9(a)-9(d) , the Al-3p orbital exhibits slight hybridization with Cl-3s below −15 eV. In contrast, in Fig. 9 (e), this hybridization peak is broadened and weakened. In addition, the intensity of the main peak of Al-3p at −3 eV for lower coverages decreases, whereas it split into several peaks for 1 ML. The neighboring peak of the main peak of Cl-3p near −4 eV, which represents Cl-3p z , interacts with Al-3p; the intensity of this peak decreases with increasing coverage and is extremely small for 3/4 ML and hardly observed for 1 ML. For the coverage of 1 ML, the PDOS changes completely, and there is no hybridization except for that around −7 eV. These results demonstrate that the Cl-3p orbital signi cantly contributes to Al-Cl bond formation. In addition, the coverage of 1 ML, for which all the peaks are broadened and less hybridization occurs, is electronically unstable.
Conclusions
A systematic DFT study of atomic chlorine adsorption on the surface of Al(111) using the PAW potential was conducted, and the energetics and the thermodynamic and electronic properties for chlorine coverages of 1/4, 1/3, 1/2, 3/4 and 1 ML were evaluated. Calculation of the chemisorption energies revealed that chlorine atoms most strongly adsorb at a mixed con guration of atop, hcp, and fcc sites for the 3/4 ML con guration. Analysis of the adsorption free energy of the chlorine chemical potential demonstrated that the coverage of the 3/4 ML structure was the most thermodynamically stable over the widest range (−1.3 eV < μ Cl ) of chemical potential. This analysis also implied that clean Al(111) is the most stable structure at chemical potentials below −2.1 eV. Furthermore, coverage of 1 ML was shown to be thermodynamically unstable because 1 ML does not take a stable phase in the entire range of the chemical potential. Analysis of the electronic structure revealed that a large electrostatic dipole moment is observed at low coverages (1/4 and 1/3 ML) because of the large charge transfer from aluminum to chlorine atoms. The charge transfer decreases upon increasing the effective distance between adsorbates. Analysis of the differential charge density and PDOS plots revealed that the surface chlorine 3p states mainly contribute to bond formation with aluminum and electronic instability in the case of 1 ML coverage. Our work is limited to a system in which water is absent at zero temperature, and the effect of water on chlorine adsorption deserves attention in future studies.
